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Abstract: A novel dual-path microbend fiber optic sensor is designed for noninvasive measure-
ment of respiratory rate (RR) and heart rate (HR) for cancer patients. The performance of the
microbend fiber sensor is assessed in two groups of cancer patients, cancer patients with pain and
without pain, ranging from eighteen to ninety-six years old in a daily observational measurement
with the sensor mattress under the mattress of the clinical bed. All the patients received standard
clinical monitoring for evaluating the accuracy of our measurement results. The results of our
study showed good consistency in the experimental results of RR and HR between the dual-path
fiber sensor we proposed and the hospital equipment with average errors of 3.60 beats per minute
(bpm) and 1.02 respiration per minute (rpm) in HR and RR measurement in cancer patients
with pain and 1.87bpm and 1.27rpm in HR and RR measurement in cancer patients without
pain, respectively. In HR monitoring, the single path microbend fiber optic sensor has 8035
minutes of data with a false report rate of 19.09%, while the dual-path microbend fiber optic
sensor has 6188 minutes of data with a false report rate of 12.87%. The dual-path sensor has
a smaller false report rate compared with the single path sensor due to pre-judgments of data
with path 1 and path 2. To our best knowledge, it is the first time to propose and demonstrate a
dual-path sensor to reduce the false report rate for HR and RR measurements. The results of
the Blend-Altman method showed great agreement between our sensor and hospital standard
monitor in HR and RR measurements. The independent sample t-test indicates that the HR of
cancer patients may be an effective way to judge whether or not they have cancer pain. Our
noninvasive dual-path microbend fiber sensor also showed the advantages of an easy fabrication
process, simple structure, and low false report rate.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Vital signs measurement is an important part of standard medical care to assess the physical
conditions and provide proper treatments for cancer pain patients. Heart rate and respiration rate
are key elements in the medical department as well as daily home monitoring. Traditional vital
signs monitors need direct patient skin contact with the device, which restricts the movement
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of patients. Patients with cancer pain, in particular, need a more effective, convenient, and
noninvasive way to monitor their vital signs in time.

Among all kinds of new vital signs sensors, like acoustic sensor [1], ECG sensor [2], air
mattress sensor [3], electrical sensors [4–7], and optical sensors [8–29], that operate in a
noninvasive way are widely studied because they are easy to use and without physical constraint
to patients. Among these new sensors, electrical and optical methods are the two typical ways
of noninvasively monitoring HR and RR. Electrical methods, including piezo-electric [4] and
accelerometry [6,7], are the most popular way to monitor vital signs. However, the electrical
sensor systems are venerable to the electromagnetic field

The invention of optical fiber sensors provides an alternative way for clinical use because its
compact size, stable with electromagnetic interference, and non-toxic. A variety of optical fiber
sensors have been studied to monitor vital signs, including photoplethysmography (PPG) fiber
sensor [8], polymer optical fiber sensors [9–11], interferometric fiber optics sensors [12–15],
fiber Bragg grating sensors [16–19], macro-bend fiber sensor [20], and fiber laser sensor [21],
etc. Polymer fiber sensor has lower Young’s modulus, larger strain limits, and fracture toughness
and good for some applications. Interferometric optical fiber sensors have been widely studied
but the demodulation of this method is complex. Wavelength detection for the signal of fiber
Bragg grating sensors is too complex and costly for the consumer. The macro-bend sensor has a
simple system configuration but the sensitivity may not be adequate for accurate measurement.
Microbend fiber sensor has distinct advantages because it has a simple configuration, low cost,
good enough sensitivity for HR and RR monitoring. Moreover, the relative intensity variation is
applied in microbend fiber sensors for monitoring rather than other sensors’ absolute intensity
measurement, which makes it more reliable for real world application. Many demonstrations of
microbend fiber sensors have been widely studied for vital signs monitoring [22–28]. However,
most of their work was applied to a healthy candidates and non-cancer patients. Cancer patients
may have more body movements which may disturb RR and HR signals and result in high false
report rate. Few works aim at clinical cancer patients particularly.

To meet the clinical demand for cancer patients monitoring, we design and employ a sensitive
dual-path microbend fiber sensor for HR and RR monitoring to reduce the rate of a false report.
The proposed low-cost sensor is cableless, free of electromagnetic interference, and noninvasive.
In this paper, we evaluate the accuracy of the proposed sensor by comparing the data obtained
from the clinical standard monitor. Traditional single path monitors have the disadvantage of
high false report rate caused by cancer patients’ other movements. This is not acceptable for
applications. Compared with our previous works [13,27–29], we use a new dual-path sensor in
approximately identical conditions to monitor HR and RR. If the difference of the HR or RR
between two independent paths is large than 5 bpm or 5 rpm, that set of data will be regarded
as wrong data and rounded out. So, the rate of false report will be reduced greatly compared
with the single path monitor. In HR monitoring, the single path monitor has 8035 minutes of
data with a false report rate of 19.09%, while the dual-path monitor has 6188 minutes of data
with a false report rate of 12.87%. This work was cooperated with Fujian Provincial Hospital
and the First Affiliated Hospital of Fujian Medical University. One of the aims of this work
was to find some key features of the pain within cancer patients and postoperative patients for
pain management by measuring vital signs and others. Our proposed sensor can also be used
for other groups of patients who need vital signs monitoring. To our best knowledge, it is the
first time to propose and demonstrate a dual-path microbend fiber optic sensor to reduce the
false report rates. Besides, we consider both the time domain and frequency domain signals to
ensure the reliability of the heart rate and respiration rate measurements. Reasonable errors less
than 5bpm in HR and 5rpm in RR monitoring are obtained between our dual-path microbend
fiber sensor and the standard monitor in clinical environments. The results of the Blend-Altman
method show great agreement between our sensor and hospital standard monitor in HR and RR
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measurement. The independent sample t-test indicates that the HR of cancer patients may be an
effective way to judge whether or not they have cancer pain. Our novel dual-path microbend
fiber sensor is promising for long-term healthcare monitoring for cancer patients because of its
robustness, simple structure, noninvasive manner, and great agreement with a standard monitor.

2. Sensor structure and working principles

Figure 1 depicted the cross-section diagram of a dual-path microbend fiber sensor structure. Two
separate layers of graded multimode optical fiber (MMF, YOFC 100/125) are clamped between
three layers of hole-mesh to form the dual-path sensor structure. Then the sensor is covered
by wallpaper to protect the sensor. According to the microbending optical fiber theory, the
body movements and vibrations, like heartbeats and respiration-caused vibrations, can cause
fluctuations of the sinusoidal amplitude of the microbend fiber sensor structure.

Fig. 1. Cross-section pattern of dual-path microbend fiber sensor.

The transmission for the light propagation in the microbend graded multimode fiber is a
function of ∆F which is the force that the microbending fibers were received and modulated with
the body movement or environmental vibrations. By extracting the light intensities, the vital
signs could be obtained [27]. The critical mechanical pitch, known as Λ, is given by

Λ =
2πan
NA

(1)

where a is the core radius of the fiber, n is the refractive index (RI) of the core and NA is the
numerical aperture in the fiber. If the equation of (1) is met, the maximum sensitivity of the
sensor may be achieved.

To get the accurate value of RR and HR, time domain and frequency domain methods were
applied, respectively. For RR measurement, we count the envelope of the time domain signal in
path 1 and path 2 to get RR1 and RR2. If |RR1 − RR2 | ≥ 5rpm, that set of data will be regarded
as false data. If |RR1 − RR2 |<5rpm, the final RR is obtained by

RR = (RR1 + RR2)/2 (2)

For HR measurement, we first use time domain method to get a HR, then used frequency domain
method to verify and correct the final result by using multi harmonic frequency peaks as follows.

In the frequency domain method, the N-order harmonic wave of HR signal in path 1is defined
as f1N. Then the HR in path 1 using different harmonic waves is calculated by

HR11 = f11 ∗ 60

HR12 = (f12/2) ∗ 60

. . . . . .
HR1N = (f1N/N) ∗ 60 (3)
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So, the HR in path 1 is obtained by

HR1 = (HR11 + HR11 + . . . + HR1N)/N (4)

Similarly, the HR in path 2 can be calculated by

HR2 = (HR21 + HR21 + . . . + HR2N)/N (5)

If |HR1 − HR2 | ≥ 5bpm, that set of data will be regarded as false data. If |HR1 − HR2 |<5bpm,
the final HR is obtained by

HR = (HR1 + HR2)/2 (6)

To illustrate the unique advantage of our proposed dual-path sensor for reducing the rate of
a false report, Fig. 2 gives a typical result of HR measurement. For single path case, path
2 is regarded as a single path result and will be reported directly without any judgment. If
|HRmonitor − HRpath 2 | ≥ 5bpm, that set of data may be wrong data and may lead high false report
rate. In our dual-path case, we add one more step before data reporting, that is, evaluating
if |HRpath 1 − HRpath 2 |<5bpm. If |HRpath 1 − HRpath 2 | ≥ 5bpm, that set of data will not be
reported. The false report rate can be reduced greatly by employing this pre-processing method.

Fig. 2. Examples of HR data.

3. Experimental result and discussion

We analyze clinical experiments of cancer patients and postoperative patients carried out in
two hospitals from 2020 to 2021. In order to illustrate the unique advantage of the ability
of our dual-path microbend fiber optic sensor to reduce the false-report rate of, two kinds of
microbend fiber optic sensor, the single path and dual-path sensors, are applied in postoperative
and cancer patients, respectively. Approval from the Ethics Committee of Fujian Provincial
Hospital (K2020-03-021), Ethics Committee of the First Affiliated Hospital of Fujian Medical
University (MRCTA, ECFAH of FMU [2020] 165), and full patients’ consent was obtained. In
the First Affiliated Hospital of Fujian Medical University, one hundred and two cancer patients
with pain and one hundred and nine cancer patients without pain were recruited in the study. As
for comparison, 223 postoperative patients were recruited in Fujian Provincial Hospital.
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3.1. Setup

The schematic configuration of microbend fiber sensor system is shown in Fig. 3(a) and the
dual-path configuration of the fiber sensing system is depicted in Fig. 3(b). The monitoring
system has a dual-path sensor, a homemade transceiver, a hospital standard ECG monitor, and
a computer. The optical transceiver consists of two pairs of light sources and detectors, a
microprocessor, and a circuit for noise reduction. The light sources are connected to two layers
of microbend fiber with a thickness of ∼2 mm, respectively. Then, the fibers are connected to two
detectors in the transceiver to form two identical sensor paths. Path 1 of our sensor consists of
light sources 1, microbend mesh, detectors 1, MCU and computer. Path 2 of our sensor consists
of light sources 2, microbend mesh, detectors 2, MCU and computer. The transceiver receives
fluctuate signals and transmits them to the computer which is sampled at 50 Hertz (Hz) via
Bluetooth. Moreover, the commercial ECG monitor is used to provide the reference value of HR
and RR, to judge the accuracy of the proposed sensor. Figure 4 shows the prototype of the sensor
mattress we designed for the clinical trial use. It should be noticed that all patients were required
to lie in the clinical bed with the sensing mattress under them.

Fig. 3. The schematic configuration of microbend fiber sensor system.

Fig. 4. The prototype of the sensor mattress.
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3.2. Measurement

To begin with, we analyzed the method of HR and RR measurement. In general, the HR of adults
is about 45-100bpm (0.75Hz∼1.66Hz), and the RR is 6∼30rpm (0.1∼0.5Hz) roughly.

Here, we take patient #5 as an example to figure out how we calculate the RR and HR. The HR
and RR are obtained by counting the envelopes and peaks of the time domain signals roughly.
Figure 5(a) and (b) depict the raw data of a cancer pain patient (patient #5) detected by the
proposed dual-path sensor in 16 seconds, respectively. The signal is a mixture of HR and RR
signals, and the signals detected by path 1 and path 2 have a similar trend. There are four
envelopes within 16 seconds in Fig. 5(a), we can roughly count the RR as 60 ∗ (4/16) = 15rpm
of patient #5 in path 1. As for HR, the 4-order Butterworth filtering is employed in the raw data.
The HR signal after signal processing is seen clearly in Fig. 5(c) and (d), the HR of patient #5
is counted it as 60 ∗ (19/16) = 71.25bpm in path 1. The raw data of path 2 was processed by
the same procedure, and RR and HR are 15rpm and 71.25bpm. To ensure the accuracy of our
measurement, the frequency-domain method is also applied.

Fig. 5. (a) raw data of patient #5 detected in path 1; (b) raw data of patient #5 detected in
path 2;(c) HR signal of patient #5 in path 1 after filtering; (d) HR signal of patient #5 in path 2
after filtering; (e) frequency-domain RR signal of patient #5 in path 1; (f) frequency-domain
RR signal of patient #5 in path 2; (g) frequency-domain HR signal of patient #5 in path 1;(h)
frequency-domain HR signal of patient #5 in path 2; (i) 30-min detected RR signal of patient
#5; (j) 30-min detected HR signal of patient #5.

Then, the HR and RR are calculated accurately in the frequency domain. Figure 5(e) and
(f) give the Fast Fourier Transformation (FFT) spectra of the raw data of paths 1 and 2 in the
0-4Hz range, respectively. The RR is counted as 15rpm (0.25Hz) in the time-domain, while the
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frequency-domain has a peak of 0.2441Hz in Fig. 5(e), the peak of the frequency signal of RR is
easily identified, and calculated as 60 ∗ 0.2441 = 14.65 rpm in path 1. As for path 2, the RR is
calculated as 60 ∗ 0.2441 = 14.65 rpm in Fig. 5(f). The FFT spectra in the 0-20Hz range is shown
in Fig. 5 (g) and (h). The frequency-domain signal also has a main peak of 1.172Hz, and the
HR is calculated as 60 ∗ 1.172 = 70.32bpm in Fig. 5(g). Figure 5(h) shows the FFT spectrum of
raw data in path 2, the main peak of 1.172Hz is identified and the HR is 60 ∗ 1.172 = 70.32bpm.
The results show a great agreement in the time domain and frequency-domain with 0.35rpm
and 0.93bpm differences in RR and HR measurements, respectively. We use the time domain
processing method for RR measurement in the final experimental results because the quality of
the RR signals was very good as such the frequency domain method were not needed. However,
the heart beat signals were noisy, we need both time domain and frequency domain method to
obtain final HR. In this case, we first used time domain method to get a HR, then used frequency
domain method to verify and correct the final results by using multi harmonic frequency peaks in
our final experimental results.

We record the RR and HR in 30 minutes of each patient with 1 value per second using our
dual-path microbend sensor and with 1value per minute using the reference monitor. The results
of sensor-detected RR and standard ECG of patient #5 in 30 minutes are shown in Fig. 5(i).
Figure 5(j) shows the results of sensor-detected HR and standard ECG of patient #5 in 30 minutes.

3.3. RR and HR analysis of cancer pain patients

As we defined before, two groups of cancer patients, with/without cancer pain, are studied in
this paper, and this part will show the results of cancer pain patients. Figure 6 illustrates the
RR monitoring results of one typical example monitoring by our microbend fiber sensor and
commercial monitor in 30 minutes. Figure 7 illustrates the HR monitoring result of one typical
example of monitoring by the microbend fiber sensor and commercial monitor in 30 minutes.

Fig. 6. Typical RR of cancer patients with pain: (a) patient #16, (b) patient #21.

According to the American National Standards Institute definition, a readout error of no greater
than the input rate or ±5 beats per minute is acceptable [7,30]. It is important to perform the
consistency experiments between the result of dual-path sensor and commercial monitor. For
that target, the Bland-Altman method [31] is applied. The mean difference between the dual-path
sensor and the standard monitor, and the 95% confidential interval (CI) (±1.96SD) is determined
for both RR and HR measurements. As shown in Fig. 8(a) and (b), the consistency of RR and
HR measurement is displayed. There are 107 and 112 sets of data in RR and HR, respectively.
We use x1 to stand for the mean of RR or HR monitored by the dual path sensor, and use x2 to
stands for the RR or HR results monitored by standard ECG. x1 − x2 denotes the RR or HR mean
the difference between dual-path sensor and standard monitor. (x1 + x2)/2 stands for the average
of RR or HR measured by dual-path sensor and standard monitor. The results showed the mean
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Fig. 7. Typical HR of cancer patient with pain: (a) patient #16, (b) patient #21.

HR difference is 1.01 bpm and the mean RR difference is 2.30 rpm. The SDs of mean difference
of RR and HR in patients with pain are 2.69rpm and 4.48bpm, respectively. So, the CI of
difference in RR is [-4.37: 6.39], and the CI of mean difference in HR is [-6.66: 12.26]. 97.20%
(104/107) of the RR differences and 95.54% (107/112) of the HR differences are distributed
within ±1.96 SD range, which is redeemed good consistency with the Bland-Altman method.

Fig. 8. (a) Mean differences and CI of RR with cancer pain patients; (b) mean differences
and CI of HR with cancer pain patients.

3.4. HR and RR analysis of cancer patients without pain

As for HR and RR measurements of cancer patients without pain, we use the same procedure
for cancer patients with pain. Figure 9 illustrates the RR measurement results of several typical
examples of monitoring by the microbend fiber sensor and commercial monitor in 30 minutes.
Figure 10 illustrates the HR measurement results of several typical examples monitored by the
microbend fiber sensor and commercial monitor in 30 minutes. The results show great agreement
between our sensor and commercial monitor.

As shown in Fig. 11(a) and (b), the consistency of RR and HR measurement is displayed.
There are 98 and 106 sets of data in RR and HR, respectively. As a result, the mean RR difference
is 1.43 rpm and the mean HR difference is 1.87 bpm. The SDs of mean difference of RR and HR
in patients with pain are 2.32rpm and 3.68bpm, respectively. So, the CI of mean difference in
RR is [-3.23: 6.09], and the CI of mean difference in HR is [-5.49: 9.23]. 95.28% (101/106) of
the RR differences and 94.90% (93/98) of the HR differences are distributed within ±1.96 SD
range, which is redeemed good consistency with the Bland-Altman method.
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Fig. 9. Typical HR signals of cancer patients without pain: (a) patients #123, (b) patients
#136, (c) patients #142, (d) patients #190.

Fig. 10. Typical HR signals of cancer patients with pain: (a) patients #128, (b) patients
#161, (c) patients #182, (d) patients #197.

To summary, the mean differences between our sensor and standard monitor of cancer patients
with/without pain are listed in Table 1. 112 sets of effective data of cancer pain people are
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Fig. 11. (a) Mean differences and CI of RR with cancer patients without pain; (a) mean
differences and CI of HR with cancer patients without pain.

calculated in HR measurement and 107 sets of effective data for RR calculating. 106 sets of
effective data of cancer patients without pain is calculated in HR measurement and 98 sets of
effective data for RR calculating. The mean differences of RR measurement of cancer patients
with/without pain are 1.01rpm and 1.27rpm, respectively, while the mean differences of HR
measurement of cancer patients with/without pain are 2.69bpm and 1.87bpm, respectively. All
these results are acceptable according to [7,29] with less than 5bpm or 5rpm differences.

Table 1. Mean difference between our dual-path
sensor and standard monitor.

Mean difference RR(Rpm) HR (bpm)

With pain 1.01 2.69

Without pain 1.43 1.87

3.5. Measurements using single path sensor

We also carry out RR and HR measurements using a single path microbend sensor for comparison
in Table 2. 217 sets of data of cancer pain people are calculated in HR measurement and 206
sets of data for RR calculating. The mean differences of HR and RR measurement are 2.98bpm
and 5.38rpm, respectively. Dual-path sensor has small mean difference both in HR and RR
measurement compared with single path sensor.

Table 2. Mean difference between our single path
sensor and standard monitor.

HR(bpm) RR (rpm)

Mean difference 2.98 5.38

3.6. Discussion

The false report rate of HR with a single path and dual-path monitors is given in Table 3. As
mentioned before, 102 cancer patients with pain and 109 cancer patients without pain are recruited
in the study in one hospital. As for comparison, 223 postoperative patients are recruited in
another hospital. Every patient will be tested in a period of 30 to 60 minutes with data record of
1 value per minute. In particular, if the record data from hospital equipment is equal to zero in
RR (larger than 2-minute data) or has no data in the documentary file, that set of data will be
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rounded out. Finally, the single path sensor has 8035 minutes of data, which is extracted from
the data of 223 postoperative patients. The single path sensor has a false report rate of 19.09%,
while the dual-path monitor has 6188 minutes of data with a false report rate of 12.87%. As we
can find out through the result, dual-path monitor has a small false report rate compared with
single path monitor because of the pre-judge process. If the difference between two independent
paths is large than 5 bpm in dual-path monitor, that set of data will be regarded as wrong data and
rounded out. So, the rate of false report is reduced greatly compared with the single path monitor.
To our best knowledge, it is the first time to propose and demonstrate a dual-path monitor to
reduce the false report rate in the clinical environment.

Table 3. False report rates of single path and dual-path sensor of HR.

Type Data number False report number False report rate (%)

Single path 8035 1506 19.09

Dual-path 6188 795 12.87

Table 4 shows the independent sample t-test of the HR and RR results. According to Table 4,
the mean of RR and HR and SD of RR and HR in cancer patients with or without pain are
obtained, and the correlation factor P between cancer patients with pain and without pain in
HR and RR measurements using our noninvasive dual-path microbend fiber sensor is evaluated.
From Table 4, there is a significant difference between cancer patients with or without pain in
HR with P< 0.05, and there is no significant difference between cancer patients with or without
pain in RR with P> 0.05. Therefore, the sensor may provide a noninvasive measurement method
for judging whether a cancer patient has pain or not through HR measurement.

Table 4. Mean and standard deviation of HR and RR,
and independent sample t-test results.

HR(bpm) RR (rpm)

With pain 78.15±14.65 14.98±3.10

Without pain 74.88±10.15 15.35±2.83

P 0.019 0.497

Very few publications with other similar solutions so far are found to address this false report
issue. Many solutions are based on software solution in a single sensor [32–34]. The software
solutions are suffered and limited by the signal quality in the real-world application. As for
multiple sensor solution [33], it uses Cepstrum analysis and sensor fusion and has the problem
that every single sensor suffers different noisy environments and cannot guarantee the uniformity
of variables. Compared with the multiple FBG sensor solution, our work has two independent
paths integrated in the same sensor structure that suffers the same environmental variables
and thus good signal quality is easily judged. Therefore, our sensor solution will have better
performances in the real-world applications.

4. Conclusion

We have designed a novel dual-path microbend fiber optic sensor to measure HR and RR for
cancer patients in clinical monitoring cases. Here, we separate the cancer patients into two groups,
cancer pain patients and non-cancer pain patients. The spectra of the microbend fiber sensor
fluctuate with the patients’ body movements, like RR, HR and other noise signals. The clinical
standard monitor is applied for comparison, and the experimental results show great agreement
between the commercial monitor and the proposed sensor with average errors of 3.60bpm and
1.02rpm of cancer patients with pain in HR and RR measurement, respectively. And the average
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errors of 1.86bpm and 1.27rpm of cancer patients without pain in HR and RR measurement
are obtained, respectively. We also applied single path sensor with postoperative patients for
comparison. In HR monitoring, the single path sensor has 8035 minutes of data with a false
report rate of 19.09%, while the dual-path sensor has 6188 minutes of data with a false report rate
of 12.87%. Dual-path sensor has a smaller false report rate compared with single path sensor due
to pre-judgments of data with our dual sensor paths. To our best knowledge, it is the first time to
propose and demonstrate a dual-path sensor to reduce the false report rate. The results of the
Blend-Altman method show great agreement between our sensor and hospital standard monitor
in HR and RR measuring. The independent sample t-test indicates that the HR of cancer patients
may be a biomarker to judge whether or not they have cancer pain. Our noninvasive dual-path
microbend fiber sensor also has advantages of simple structure, easy fabrication, very low power
consumption and low cost. The proposed dual-path noninvasive microbend fiber sensor is a good
candidate for application fields where traditional adhesive electrode method is not available, such
as high electromagnetic field areas, and where noninvasive methods are needed. We expect this
new sensor will be used widely at home due to very low cost and high performance.
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